Introduction
The field of beam polarization in electron storage rings is making rapid progress in recent several years. This report is an attempt to summarize some of these developments concerning how to produce and maintain a high level of beam polarization. Emphasized will be the ideas and current thoughts people have on what should and could be done on electron rings being designed at present such as HERA, LEP and TRISTAN. An up-to-date review on similar subjects can be found in Ref. 1 .
Polarization in an Electron Storage Ring
Consider a relativistic electron traversing a magnetic field and getting deflected by an angle e. The spin of the electron also sees the magnetic field and as a result rotates about the field by an angle (ay+l)6, where a =(g-2)/2 =0.00116 is the anomalous part of the gyromagnetic ratio of an electron and y is the relativistic Lorentz factor. Relative to the trajectory of the electron, the spin thus precesses by an angle aye. (1) where E is the electron energy. Furthermore, if all electrons have different precession phases, the net beam polarization, provided the beam is polarized in the first place, will have to be along the y direction, i.e. net beam polarization direction n = y.
It can be shown that for any storage ring geometry, there always exists a net beam polarization direction n. It is obtained mathematically by looking for a spin direction that repeats itself turn after turn as the electron circulates around the ring. In other words, n is given by the "closed" solution of spin direction. We then define two auxiliary unit vectors m and Q so that (n,m',Q) forms a right handed orthonormal set. All three unit vectors precess according to the bending fields. The vectors mi and Q continue to precess turn after turn while n repeats itself. For a ring with planar geometry, n= yand m and Q lie in the ring plane.
It was realized by Ternov, Lokutov and Korovina2 and Sokolov and Ternov3 that, in a planar ring, synchrotron radiation by an electron causes its spin to prefer to align with the magnetic field direction (-y for electrons and y for positrons) so that the lower quantum The reason the depolarization resonances are more enhanced for higher energy rings is that for a given distortion of the ring, the spin precession is directly proportional to the particle energy. If all rings have similar closed orbit distortions, the higher energy rings will suffer more. Very roughly, let us write8
where a is determined by the amount of distortion of the ring with a =0 for a perfect ring. Depolarization, being a diffusion effect, introduces into the denominator a factor 1 +(aE)2. If we do the best to stay away from depolarization resonances and take P = 85% for SPEAR, then for a similar closed orbit distortion, i.e. similar value for a, we will get something like P = 37% for 15 GeV rings like PEP or PETRA, 14% for 30 GeV rings like HERA and TRISTAN, and a mere 3% for 70 GeV LEP. Clearly something will have to be done to improve this situation. See Fig. 3 . In fact, the solution to the two problems are closely related. The principle involved in solving both problems has been called the spin transparency conditions.9 In this section, I will describe how the transparency conditions solve the longitudinal polarization problem and in the next section, I will describe how the same principle is applied to rings with imperfections.
It may seem easy to design 3eV)
an insertion that provides a longitudinal polarization at the collision point. All one has to do is to install a few horizontal and vertical bending magnets on one side of the collision point so that the polarization is rotated from y-to z-direction and then do a similar trick on the other side of the collision point to restore the polarization from 2-back to y-direction. In the rest of the ring, polarization will be along y as if nothing had happened. The idea is schematically drawn in Fig. 4 .
The trouble with such a scheme is that one has forgotten about the depolarization effects which now must be considered because the ring is no longer planar.
Indeed, in a "spin rotator" scheme just described, the depolarization resonances will in general be greatly enhanced by the added insertion. radiation as much as they wish, but somehow design the storage ring so that the spin precessions made in the troubled regions add up to zero as a net result. In other words, by cleverly designing the storage ring, the depolarization terms are arranged to cancel one another so that as an electron executes emission-excited orbital oscillations, its spin precesses away but always comes back to the nominal direction whenever the electron completes one revolution. Consequently there will be no spin diffusion due to synchrotron radiation. The conditions on the storage ring lattice for this to occur is called the spin transparency conditions. The design procedure that allows these conditions to be implemented in the storage ring lattice is called spin matching.9 In practice, one just inserts the rotator as in Fig. 4 Table I .
In Table I , s is the location where the transparency conditions are imposed; nx,y are the horizontal and vertical dispersion functions and n'x,y are their derivatives; n, mi and Q are the spin vectors defined before; G is the quadrupole gradient; Px,y and Wx,y are the betatron functions and phases; C is the circumference Fig. 3 shows. Consequently, the ION conditions only need to be approximately satisfied. An inspection of the transparency conditions shows that there is indeed a way to do just that.
Again take the v4 Vx -k resonances for example. The two integral conditions in Table I of course really mean 2N conditions because the integrals are functions of s. However, if v +vx is exactly equal to k, the integrals become independent of s and the 2N conditions reduce to 2 conditions. This means two knobs are sufficient to eliminate the resonance, at least in principle, when the resonance condition is exactly fulfilled.9 This means that not all of the 2N knobs are equally sensitive and, even somewhat away from a resonance, the same two knobs will still do the job approximately. To optimize beam polarization, therefore, one simply locates the dominating nearby depolarization resonances, tweaks the right knobs in the right direction and then the beam polarization will greatly improve. The question left --admittedly a highly nontrivial one --is what are the most effective knobs for each resonance. A number of clever schemes have been suggested.9 One of them9'11 has been applied to PETRA and it worked like a charm.
To see how it worked, let us assume 0y has been carefully minimized around the ring. An inspection of Table I then shows that the harmful depolarization resonances are v +v =k and v= k, and they are driven because m and Q are not orthogonal to y, or equivalently n is not parallel to y. The idea is therefore to correct n so that it becomes parallel to y. The most effective knobs to do so are the m-th Fourier harmonics of the vertical closed orbit, where m is the nearest integer to the spin tune v. The PETRA team had four knobs that corrects the 37th and the 38th sine and cosine harmonics (v t 37.6). The needed corrections hardly changed the over-all vertical closed orbit and yet by tweaking them, beam polarization has dramatically improved from 20% to 80%. It is estimated that n deviates from y by -1°before correction and -0.30 after correction. Figure 5 shows the measured beam polarization as a function of two of the harmonics. Polarization is obviously very sensitive to these knobs.
The If we take the dashed curve of Fig. 3 and take into account of the enhancement, the polarization drops to -3%.
What can we do to improve this situation? One way is to do a much more precise harmonic matching so that the coefficient a in Eq. (7) snake" scheme in which the storage ring looks like that sketched in Fig. 8 . There are two opposite regions where the snake insertions --again consist of horizontal and vertical bending magnets --are installed. With such a snake scheme, all particles have spin tune v = 1/2 irrespective of their energies. As a result, there is no spin tune spread and therefore no depolarization enhancement. There are complications involved in a ring with double snake, however. First of all, the transparency conditions need to take care of both insertions. Secondly, one half of the ring (say, the half with n =y) will have to be made up of sharp bends while the other half (with a =-y) ring is made up of smooth bends, as shown in Fig. 8 . This is so that the radiative polarization --that provides the beam polarization in the first place --does not have a zero net effect. At present, it is not yet clear how these complication weigh against their potential benefits and this remains an unanswered question for LEP as far as beam polarization is concerned. Fig. 8 The data for SPEAR in Fig. 2 If this technique works out and there is no obvious reason why it does not, a spin rotator needs to provide only one helicity. The other helicity can be obtained by the spin flipper. After the beam polarization is flipped, the natural radiative polarization will act against the beam polarization, but it takes one polarization time for this to take place and, in the meantime, the beam does process the other helicity. Another advantage of this scheme is one can selectively flip the polarization of one of the two beams or to have different polarizations for different bunches in the same beam.
Summary
To sum up, the over-all situation is a healthy one:
(1) The linear theory of beam polarization and depolarization is substantially understood. Thanks to the transparency conditions proper design of spin manipulators (rotators, Siberian snakes, spin chromaticity correctors, etc.) becomes possible and corrections for rings with imperfections have been reduced to a problem of finding the most effective correction knobs.
(2) Experts are working on the nonlinear theories.
Their results so far are encouraging. Nonlinear depolarization effects associated with large energy spread seem to be a problem for LEPTbut there is no lack of clever schemes to choose from for defeating these effects.
The heam-beam depolarization is only marginally harmful and there are again preliminary ideas of how to fight it. (3) Polarization monitoring seems to require only a reasonable extension of the present technology.
